We have characterized a semiconductor amplifier laser system which provides up to 200 mW output after a single-mode optical fiber at 780 nm wavelength. The system is based on a tapered semiconductor gain element, which amplifies the output of a narrow-linewidth diode laser. Gain and saturation are discussed as a function of operating temperature and injection current. The spectral properties of the amplifier are investigated with a grating spectrometer. Amplified spontaneous emission (ASE) causes a spectral background with a width of 4 nm FWHM. The ASE background was suppressed to below our detection limit by a proper choice of operating current and temperature and by sending the light through a single-mode optical fiber. The final ASE spectral density was less than 0.1 nW/MHz, i.e. less than 0.2% of the optical power. Related to an optical transition linewidth of Γ/2π = 6 MHz for rubidium, this gives a background suppression of better than −82 dB. An indication of the beam quality is provided by the fiber coupling efficiency of up to 59%. The application of the amplifier system as a laser source for atom-optical experiments is discussed. 42.55.Px; 42.60.Da; 32.80.Pj The techniques of laser cooling and trapping of neutral atoms [1] require stable, narrow linewidth and frequency tunable laser sources. Commonly used systems for the nearinfrared wavelengths are based on external grating diode lasers (EGDL) [2]. Optical feedback from a grating narrows the linewidth to less than 1 MHz and provides tunability. High-power single transverse mode diode lasers can provide up to 80 mW optical output at wavelengths below 800 nm. In this power range diode lasers thus provide a less costly alternative to Ti:sapphire lasers.
PACS:
The techniques of laser cooling and trapping of neutral atoms [1] require stable, narrow linewidth and frequency tunable laser sources. Commonly used systems for the nearinfrared wavelengths are based on external grating diode lasers (EGDL) [2] . Optical feedback from a grating narrows the linewidth to less than 1 MHz and provides tunability. High-power single transverse mode diode lasers can provide up to 80 mW optical output at wavelengths below 800 nm. In this power range diode lasers thus provide a less costly alternative to Ti:sapphire lasers.
If more power is required, the output of an EGDL can be amplified. Presently, there are three common techniques based on semiconductor gain elements: (a) Injectionlocking of a single-mode laser diode [3] by seeding light from an EGDL results typically in 60-80 mW optical power * Corresponding author. (Fax: +45-8612-0740, E-mail: voigt@ifa.au.dk) at 780 nm wavelength. (b) Amplification in a double pass through a broad-area emitting diode laser (BAL) [4] [5] [6] [7] . This yields an optical output of typically 150 mW after spatial filtering. A disadvantage is the relatively low gain of 10-15, requiring high seed input power. The BAL gain can be improved using phase conjugating mirrors in the seed incoupling setup [8] . (c) Travelling-wave amplification (TA) in a semiconductor gain element with a tapered waveguide [5, 9, 10] . Compared to a BAL, this yields higher gain and higher power after spatial filtering. This approach requires much lower input and a less complex optical setup than a BAL. However, a TA gain element is considerably more expensive.
In this work we investigate a TA system that amplifies the narrow-linewidth seed beam of an EGDL and provides up to 200 mW optical output from a single-mode optical fiber. We operate the system on the D 2 (5S 1/2 → 5P 3/2 ) transition of rubidium, at a wavelength of 780 nm. The input facet of the tapered gain element has the typical width of a low power single-transverse-mode diode laser (≈ 5 µm). A seed beam is amplified in a single pass and expanded laterally by the taper to a width of typically 100-200 µm [9] such that the light intensity at the output facet is kept below the damage threshold and the beam remains diffraction limited. The output power can be much larger than from a single-mode waveguide.
In previous work, TAs have been used as sources for frequency doubling and pumping solid-state lasers [11] . Apart from the achievable output power, frequency tunability of the narrow-linewidth output [12] , simultaneous multifrequency generation [13] , and spatial mode properties, including coupling to optical fibers [14] , have been addressed.
In this paper we investigated the broadband spectral properties of the TA. The background due to amplified spontaneous emission (ASE) [15] in the gain element was minimized by adjusting the amplifier's operating conditions, i.e. temperature, injection current and seed input power. We also investigated the coupling efficiency of the TA output to a single-mode optical fiber and found that the latter acts as both a spatial and a spectral filter. The properties of three gain elements of same type are compared.
Atom-optical applications usually require good suppression of spectral background. For example, in far-offresonance optical dipole traps [16] , scattering of resonant light from the background causes heating and atom loss. We discuss the consequences of ASE background in such schemes.
Amplifier setup
Our amplifier system consists of a seed laser the output beam of which is amplified in a single pass by the tapered gain element, as shown in Fig. 1 . The TA output is coupled into a single-mode optical fiber (OFR Inc., fiber port PAF-X-5-780, input beam diameter 0.9-1.8 mm). The seed laser is an EGDL with a linewidth of less than 1 MHz. It contains a 60 mW single-mode laser diode (Hitachi, HL 7851 G98). From the EGDL we have 28 mW of power available to seed the amplifier at 780 nm wavelength. Coupling of the seeding beam to the amplifier is done by mode-matching the seed laser with the backwards travelling beam emitted by the TA. The divergence angles from seed laser emission and backward directed TA emission are similar. Hence, sufficient mode-matching is obtained using identical collimation lenses for both ( f = 4.5 mm, N.A. = 0.55). Additional mode shaping, e.g. with anamorphic prism pairs, is not necessary. An optical isolator with 60 dB isolation protects the stabilized seed laser from feedback by the mode-matched beam of the amplifier. The 5 mm aperture of the isolator is sufficiently large that it does not clip the elliptical seed beam.
The TA was a SDL8630E (ser.no. TD 310 [17]). According to the manufacturer's data sheet the output power ranges from 0.5 to 0.55 W within a wavelength tuning range from 787 to 797 nm, at an operating temperature of 21
• C. The beam quality parameter is specified as typically M 2 < 1.4 [17] . The TA should be protected from any reflected light, because it will be amplified in the backward direction and may destroy the entrance facet. We used an output collimator of large numerical aperture ( f = 3.1 mm, N.A. = 0.68) and sent the beam through a second 60 dB optical isolator. The plane of the tapered gain element is vertically oriented, so that diffraction yields a large horizontal divergence. This is collimated similar to the seed input, but yields a focus in the vertical plane. With a cylindrical lens ( f = 100 mm), we compensated for astigmatism of the beam, in order to couple into a single-mode optical fiber. The astigmatism correction is also shown in Fig. 1 . There is a considerable loss in optical power due to the isolator transmission. Taking small reflection losses of the lens surfaces also into account, we estimate the useful output power to be 78% of the optical power emitted by the TA facet. In the remainder of this paper, all quoted powers are as measured with a power meter behind the optical isolator.
The amplifier was provided as an open heat-sink device. We mounted it on a water-cooled base and stabilized it to the desired operating temperature within a few mK using a 40 W thermo-electric cooler. Thermal isolation from the ambient air and electromagnetic shielding were provided by a metal housing. When operating the amplifier at temperatures below the dew point, we flushed the container with dry nitrogen.
It is necessary to have a compact, stable mounting of the gain element and collimators. We mounted the collimators in a commercial xy flexure mount to allow for lateral lens adjustment. The axial z adjustment is done by two small translation stages. All adjustments except the z direction of the output collimator are accessible from outside. This proved to be very convenient for mode-matching the seed beam and also for compensating beam displacement of the TA output when changing temperature or current.
The narrow spectral line of seed laser and amplifier output was monitored by an optical spectrum analyzer of 1 GHz free spectral range with 50 MHz resolution. The amplifier's broad spectral background was analyzed using a grating spectrometer with a resolution of 0.27 nm. The output of the singlemode fiber was also recorded with the spectrometer.
Unseeded operation of the amplifier
When the TA receives no seed input, it operates as a laser diode. Thus, when the injection current, I TA , is increased from zero, the optical output power shows the lasing threshold (see Fig. 3a,b) . Generally, both the operating wavelength and the optical power of a laser diode depend on the temperature. This property is shown in Fig. 2 . The emission spectrum of the lasing tapered gain element is almost Gaussian shaped, with an 1/e 2 width of 4 nm. It appears as a background of ASE also in the spectra when operating the gain element as an amplifier (see below). The oscillatory structures on the spectra are artifacts of the spectrometer. In the fitted spectra, we evaluated the center wavelength at each temperature setting. It increases with temperature with a slope of 0.28 nm/K, typical for semiconductor lasers (Fig. 2b) .
The temperature dependence of the output power is shown in Fig. 2c . We operated the TA within the specifications of the manufacturer's data sheet, which recommends that the optical power at the output facet be kept below 550 mW. As the temperature increases, the conversion efficiency (mW/A)
